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The heterogeneous photoinduced electron transfer involving dyes adsorbed at the interface between two immiscible electrolyte
solutions and redox molecules located in the adjacent phase manifests itself as photocurrent responses under potentiostatic condi-
tions. Photocurrent transients as functions of the light intensity and bias potential allow the extraction of insightful information on
the kinetics of the various processes associated with the photoinduced reaction. Previous analyses of this type of responses were
based on phenomenological models that did not consider mass transport. In the present paper, we develop a generalised model
for photocurrent transients taking into account the diﬀusion of reacting species to the interface. Comparison with the experimental
data conﬁrms that the responses can be described adequately by applying stationary conditions to the surface concentration of the
photoactive species. Mechanistic aspects associated with the nature of the photocurrent relaxation on the microsecond time scale are
examined. In particular, the dependence of the transient response on the light intensity indicates that charge recombination proceeds
mainly as a ﬁrst order reaction from an interfacial geminate ion pair. Coupled ion transfer reactions involving the photoproducts
can also contribute to the photocurrent, depending on the formal ion transfer potential of the corresponding species.
 2004 Elsevier B.V. All rights reserved.
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Photoinduced heterogeneous electron transfer across
liquid|liquid interfaces has been widely recognised as a
model system for natural photosynthesis and heteroge-
neous photocatalysis [1–4]. One of the key aspects of
photochemical reactions in these systems is that the
eﬃciency of product separation can be enhanced by
diﬀerences in solvation energy, diminishing the proba-
bility of back electron transfer processes. In a series0022-0728/$ - see front matter  2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jelechem.2004.12.009
* Corresponding author. Tel.: +4 121 693 3151; fax: +4 121 693
3667.
E-mail address: hubert.girault@epﬂ.ch (H.H. Girault).
1 Present address: Departement fu¨r Chemie und Biochemie, Uni-
versita¨t Bern, Freiestrasse 3, CH-3012 Bern, Switzerland.of papers by Kotov and Kuzmin [5–7], the eﬀect of
the polarisable liquid|liquid junction on the separation
of photoproducts was studied by photocurrent mea-
surements. The system studied featured the homoge-
neous generation of charged photoproducts, followed
by the transfer of these species across the liquid|liquid
boundary. The ﬁrst measurements of photocurrent re-
sponses associated with heterogeneous photoinduced
electron transfer were published by Marecek et al. [8]
for the reduction of methylviologen in the aqueous
phase by RuðbpyÞ2þ3 in DCE or benzonitrile under
chopped illumination. Although this work raised criti-
cism due to the apparent absence of dc photocurrents
under constant illumination [9], it opened the way to
studies providing clear evidence of photoinduced elec-
tron transfer employing photocurrent measurements
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last ﬁve years, eﬀorts have been devoted to the explo-
ration of fundamental aspects concerning the organisa-
tion and reactivity of photoactive species at the
interface between two immiscible electrolyte solutions
[15,19,20]. In these systems, the photoexcitation of dyes
or semiconducting nanoparticles leads to heteroge-
neous charge transfer processes in the presence of re-
dox couples located in the adjacent liquid phase
[9,12–14,18,21–27]. These projects are relevant not only
to theoretical aspects on electron transfer at molecular
interfaces, but also to the development of new photoac-
tive systems [9,22,28,29]. The photoreactivity of dyes is
strongly linked to their speciﬁc adsorption at the liquid|
liquid boundary. Various techniques ranging from
surface second harmonic generation to photocurrent
measurements have been used to probe the surface
concentration and orientation of these species at the
interface, as well as the formation of aggregates
[24,25,30,31].
Recently, a series of papers based on photocurrent re-
sponses involving water soluble porphyrin species has
addressed various aspects involved in the kinetics of
photoinduced electron transfer across polarisable liquid|
liquid junctions [12–14,18,21–27,32]. A general descrip-
tion of the heterogeneous photoreaction is shown in
Fig. 1. The porphyrin dye S diﬀuses to the interface
and undergoes heterogeneous photoreductive quenching
by the donor Q in the organic phase. As discussed exten-
sively in several publications, the sensitiser species S in-
volved in the photoinduced heterogeneous electron
transfer are speciﬁcally adsorbed at the liquid|liquid
boundary [12,21,24,32]. This aspect has to be included
in the estimations of the concentration proﬁle of the
active species.
Particular attention has been paid to the dependence
of the rate constant of heterogeneous electron transfer
on the thermodynamic driving force, employing series
of ferrocene or quinone derivatives as redox species in
the organic phase [26,27]. The driving force was varied
by using quenchers of diﬀerent redox potentials, as well
as by tuning the Galvani potential diﬀerence between







Fig. 1. Schematic representation of the photoinduced heterogeneous
electron transfer reaction between a photoactive electron acceptor in
the aqueous phase and an electron donor in the organic phase.of the Gibbs energy of electron transfer were rationa-
lised in terms of Marcus-type behaviour of the phenom-
enological electron transfer rate constant, providing a
reorganisation energy k of 1.05 eV [26]. Within the
framework of the Marcus model for a sharp liquid|liquid
boundary, the magnitude of k yielded an average dis-
tance between the redox species of 0.8 nm. Furthermore,
the activationless limit of the bimolecular electron trans-
fer rate constant was estimated to be 3 · 1019 cm4 s1.
All these parameters appear to indicate a strong non-
adiabatic character of the electron transfer process.
These studies employed as photoactive species the
heterodimer formed by the electrostatic association of
oppositely charged metalloporphyrins. The negatively
charged Zn(II) meso-tetrakis(p-sulphonatophenyl)
porphyrin (ZnTPPS4) and the positively charged
Zn(II) meso-tetrakis (N-methylpyridyl) porphyrin
(ZnTMPyP4+) were reported to undergo spontaneous
association with a rather large association constant
[20,21,27]. The electrostatic attraction between the
charged substituents and the hydrophobic interaction
of the aromatic macrocycles cooperate in holding the
individual species in close proximity such that extensive
orbital overlap can occur [33–37]. The resulting ion pair,
or heterodimer, features a strong aﬃnity for the water|-
DCE interface [20]. While the photoexcitation of por-
phyrin monomers in the Q-band is usually followed by
a relaxation to the triplet state in about 1 ns, this com-
plex features a fast relaxation to a charge-separated state
of the form [(ZnTPPS)3(ZnTMPyP)3+] [27]. This pro-
cess occurs within less than 100 fs, much faster than
the heterogeneous electron transfer reaction. Conse-
quently, a competition is established between the decay
of the triplet or charge-separated state and the heteroge-
neous electron transfer reaction, which takes place in the
microsecond domain. The lifetime of the excited species
is therefore a key parameter in the rationalisation of the
magnitude of the photocurrent responses [32].
These photoinduced heterogeneous electron transfer
reactions have so far been rationalised in terms of a phe-
nomenological model where the analysis of photocur-
rent transients did not consider the kinetics of mass
transport of the reacting species. The rationale behind
this simpliﬁed approach was the linear dependence of
the photocurrent on the photon ﬂux at short times of
illumination [26]. Furthermore, photocurrent transients
in the presence of decamethylferrocene exhibit a quasi-
square shape at low illumination levels, indicating that
the photocurrent responses are controlled by the kinetics
of heterogeneous electron transfer rather than mass
transport phenomena [21,26]. However, this approach
is not applicable to systems under strong illumination,
where the quasi-steady state approximation is no longer
valid. The dynamics of mass transport of reactants and
products is expected to manifest itself not only by the
absence of a steady-state photocurrent, but also by com-
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spectroscopy (IMPS) responses in the low frequency do-
main [14,23]. Consequently, a generalised model that
considers the eﬀect of mass transport on the photocur-
rent in the time and frequency domains is required to
rationalise the behaviour at high photon ﬂuxes.
The aim of the present work was to develop a model
allowing a full characterisation of photocurrent re-
sponses at dye-sensitised liquid|liquid interfaces. Firstly,
the eﬀect of mass transport is analysed for the case of
ﬁrst order reactions (Section 3.1.2). We then address
the problems of second order back electron transfer
(Section 3.1.3) and coupled ion transfer (Section 3.1.4).
Criteria for distinguishing between the various mecha-
nisms proposed is provided by the dependence of the
photocurrent relaxation on the light intensity in the
cases of models B and C. Comparison of the simulations
with experimental results is presented in Section 3.2. We
also demonstrate that the analysis presented in [26,27]
gives a valid description of the dependence of the elec-
tron transfer rate constant ðkIIetÞ on the thermodynamic













All reagents employed in photocurrent measure-
ments were analytical grade. The porphyrin salts
(Na)4ZnTPPS and ZnTMPyP(tosylate)4 were purchased
from Porphyrin Products, Inc. Bis(triphenyl-phosphor-
anylidene) ammonium tetrakis(pentaﬂuorophenyl) bo-
rate (BTPPATPFB) and Li2SO4 were employed as the
organic and aqueous phase supporting electrolytes,
respectively. The preparation of BTPPATPFB has been
reported elsewhere [14]. Measurements were carried out
in a three-compartment glass cell provided with two
platinum counter-electrodes and two Luggin capillaries
for the reference electrodes. The geometrical surface
area was 1.53 cm2. The electrochemical cell is presented
in Fig. 4. The water|1,2-dichloroethane (DCE) junction
was polarised via a custom-built four-electrode poten-
tiostat, and the potential scale was corrected by the
formal transfer potential of the cation tetramethylam-
monium ðDwo/o
0
TMAþ ¼ 0:160 mVÞ [38]. The liquid|liquid
junction was illuminated with the 442 nm line of an
Omnichrome 2074-M-A03 He–Cd laser, employing a
fast optical shutter.Fig. 2. Schematic representation of the photoinduced heterogeneous
electron transfer reaction between a photoactive electron acceptor in
the aqueous phase (S) and an electron donor in the organic phase (Q).
Alternative reaction pathways are represented as dashed arrows. kads
and kdes represent the rate constants related to the adsorption and
desorption of the photoactive species, kd is the rate constant associated
with the decay of the excited state, and kIIet is the bimolecular rate
constant of electron transfer. kb and kps are associated with back
electron transfer and product separation steps. kIIb is related to a
hypothetical second order recombination. ko and kw denote the rate
constants associated with the ion transfer of the photoproduct Q+.3. Results and discussion
3.1. Theory for the generalised model
3.1.1. Mechanism and general considerations
The mechanism of the heterogeneous photoreaction
depicted by Fig. 1 involves a series of ﬁrst and secondorder competing reactions, as illustrated schematically
in Fig. 2. The symbols kads and kdes represent the rate
constants of adsorption and desorption of the photoac-
tive species. Previous studies based on potential modu-
lated ﬂuorescence have shown that the adsorption rate
constant of ZnTMPyP is of the order of 109
mol1 cm3 s1, a value 4 orders of magnitude smaller
than the diﬀusional limit [39]. The rate constant kd is
associated with the decay of the excited state, and kIIet
is the bimolecular rate constant of electron transfer. kb
and kps are associated with back electron transfer and
product separation steps. According to the mechanism
in Fig. 2, a ﬁrst competition takes place upon illumina-
tion between the decay of the excited state (kd) and the
photoinduced electron transfer step ðkIIetÞ. A second com-
petition is introduced when the products of the electron
transfer reaction can either recombine to the starting
reactants (kb), or separate and diﬀuse to their respective
phases (kps). As mentioned previously, the dynamics of
the photoinduced electron transfer process have been
thoroughly investigated in the case of the heterodimer
ZnTPPS–ZnTMPyP. The analysis was based on the idea
that back charge transfer and product separation pro-
cesses, as well as diﬀusion eﬀects, occur on a time scale
which is orders of magnitude larger than the time con-
stants of the forward electron transfer (taken as a pseu-
do-ﬁrst order reaction with respect to S*) and relaxation
of the excited state processes (ket,kd  kb,kps) [26,27].
Consequently, variations in the initial values of the pho-
tocurrent observed upon illumination of the interface
could be attributed to changes in the rate constant kIIet.
Under low illumination levels, the photocurrent relaxa-
tion observed on the ms time scale approaches a ﬁrst or-
der decay. It was therefore postulated that back electron
transfer involves an interfacial ion-pair. However, it can
also be conceived that back electron transfer takes place
326 Z. Samec et al. / Journal of Electroanalytical Chemistry 577 (2005) 323–337as a second order process from the products of the pho-
toreaction ðkIIb Þ. In addition, the photogenerated ion in
the organic phase can be involved in partition equilib-
rium at the liquid|liquid boundary. Coupled ion transfer
reactions (ko) can also induce a photocurrent relaxation
determined by the interfacial concentration of the
photoproducts.
Following the classical approach developed for redox
reactions at electrode surfaces, the current density j can
be generally related to the ﬂuxes Ji of charged species on








The mechanism in Fig. 2 postulates the formation of an
interfacial complex [S  Q+]ads equivalent to the gemi-
nate ion-pair familiar from classical bulk photoelectro-
chemistry. This process largely determines the shape of
the photocurrent response on the ls time scale [14]. In
order to describe the system accurately, we need to de-
ﬁne how photo-generated charges are arranged at the li-
quid|liquid boundary. For the purpose of modelling, we
shall assume that the charge of the geminate ion pair is
split between the two phases as illustrated by Fig. 3. In
this case, the forward ðkIIetÞ and back electron transfer
reactions involve the transfer of electrons across the
interface and hence generate current. The electroneutral-
ity condition then allows the surface charge densities on
the aqueous (qw) and organic (qo) sides of the interface





¼ FCwRþ  FCwX þ zSF CwS þ CwS
 þ zSFCSQ
¼ qo ¼ FCoTþ þ FCwY  zQþFCSQ; ð2Þ
where RX and TY denote the supporting electrolytes in
the aqueous and organic phase, respectively.S Q
(o)(w)
Fig. 3. Schematic representation of the additional surface charge







Fig. 4. Schematic representation of the electrochemical cell employed for pho
in the DCE phase are speciﬁed with the corresponding photocurrent data.3.1.2. Model A – ﬁrst order back electron transfer
Model A assumes that back electron transfer reac-
tions occur only from the interfacial complex, and that
no ion transfer is involved (full arrows in Fig. 2). This
mechanism can be described in terms of the following
set of reactions [14,21,26,27]:












kIIet ½S   Qþads ð5Þ
Back electron transfer:
½S   Qþads!
kb
Sads þQo ð6Þ
Separation of the products:
½S   Qþads!
kps
Qþo þ Sw ð7Þ
S denotes the photoactive species (sensitiser) in the aque-
ous phase, while Q represents the quencher in the organic
phase. S* is the acceptor in the photoexcited state. The
bulk concentrations of Q+ and S are equal to zero.
The bulk concentration of Q is coQ. The supporting elec-
trolytes RX and TY are present in the aqueous (w) and
organic (o) phases, respectively. The charge transfer rate
constants kIIet and kb are functions of the Galvani poten-
tial diﬀerence between the two liquids.
In the following development we shall consider the li-
quid|liquid interface as a sharp boundary located at
x = 0. The ﬂuxes Ji of the various electroactive species
in Fig. 2 at this position are described in Appendix A.
The changes in surface concentrations of the photoac-
tive species can be expressed as
dCS
dt
¼ kadscwS ð0; tÞ  kdesCS þ kdCS  rSUCS þ vb; ð8Þ
dCS
dt
¼ rSUCS  kdCS  vet; ð9Þ
dCSQ
dt
¼ vet  vb  kpsCSQ; ð10ÞAgT PFB 5 mM
r 1 mM
LiCl 10 mM
BTPPACl 1 mM AgCl
-DCE H2O
tocurrent measurements. The concentration and nature of the quencher
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sorbed photoactive species and U is the photon ﬂux
across the interface. The terms ci and Ci denote the vol-
ume and surface concentrations, respectively, and the in-
dex SQ refers to the interfacial complex [S  Q+]ads.
The rates of electron transfer and back electron transfer
are deﬁned as
vet ¼ kIIetCScoQð0; tÞ ð11Þ
and
vb ¼ kbCSQ: ð12Þ
As described by Eq. (1), the electric current density is
obtained by summation of the ﬂuxes on the aqueous side









In order to solve the transient current density during a
light step perturbation, a variety of considerations
should be taken into account. Eﬀectively, the potential
drop across the liquid|liquid boundary remains con-
stant during the illumination. Impedance measure-
ments employing an ideal resistance element show
that the phase shift associated with the operational
ampliﬁers of the potentiostat occurs at frequencies
above 5 kHz. This value is considerably higher than
the RC constant of the cell. On the other hand, the
response time of the optical shutter is on the ls time
scale; hence U can be eﬀectively taken as a step func-
tion. Finally, it is assumed that the changes in the
bulk and surface concentrations of all species involved
in Fig. 2 are small enough to allow for an expansion
of the electric current density in terms of a Taylor
series.
In the absence of back electron transfer, it has been
shown that photocurrent responses below 105 A cm2
exhibit a linear dependence on the photon ﬂux [26]. This
behaviour implies that the surface concentration of the
photoactive species can be taken as a constant, i.e.
dCS/dt = 0, during the time scale of the measurement.
Based on this experimental fact, we shall exclude
changes in the surface concentration of S as a ﬁrst
approximation. The analysis of the photocurrent tran-
sients performed in Section 3.2 demonstrates that this
approximation is self-consistent over a wide range of
light intensities. Considering that the adsorption–
desorption equilibrium of porphyrins exhibits ﬁnite rate
constants [39], it can be postulated that the stationary
surface concentration results from the regeneration of
the ground state by redox processes (e.g. oxygen reduc-
tion by S). However, the present model for transient re-
sponses can still be fully developed without explicitly
invoking the nature of the porphyrin regeneration. Thesolution for CS can be obtained from applying a La-
place transform to Eq. (9):






DCS  kIIetC0SDcoQ ð14Þ
where coQ is the bulk concentration of quencher (as well
as the initial concentration in the vicinity of the inter-
face), and DcoQ is related to the change in concentration
of Q at the interface. Considering that the initial surface
concentration of excited state C0S is equal to zero, the





1 e kIIetcoQþkdð Þt
 
: ð15Þ
Since the time constants associated with the decay of the
excited state as well as the electron transfer event are
much larger than the time scale of the photocurrent
transient experiment [20,26], it can be assumed that
the surface concentration of S* reaches a stationary va-





Based on these kinetic considerations, the following




sðsþ kb þ kpsÞ þ ðkps þ sÞkets12
þ sDqw; ð17Þ
where














The term g corresponds to the ﬂux of electron injection.
Independent estimations of CS from surface tension data
[20] and rate constants from photocurrent measurement
[12,26,27] reveal that the ﬂux of electron injection can be
in the range of 1012–109 mol s1 cm2, depending on
the applied potential and photon ﬂux. Changes in the










¼ RCDjph þ pFzSDCSQ: ð20Þ
The ﬁrst term in Eq. (20) corresponds to the attenua-
tion of the photocurrent responses by the RC compo-
nent of the cell. Indeed, the interfacial capacitance is
the derivative of the charge with respect to the poten-
tial (oqw/oE = C), and we have DE ¼ RDjph. The sec-
ond term arises from the changes in free charge with
respect to the adsorbed charge. The parameter
Fig. 5. Simulated photocurrent transients for various rates of back
electron transfer, calculated from Eq. (24) with g = 1010 mol s1 cm2,
kps = 1 s
1, p = 0 and kb as indicated in the graph.
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of the double layer due to the formation of the gemi-
nate ion pair at the liquid|liquid junction. The nature
of p is discussed further, later in the text. Combining
Eqs. (17) and (20), the following expression is obtained




kps þ sð1þ zSpÞ
ðsþ kb þ kpsÞsþ ðsþ kpsÞkets12
: ð21Þ
In the case of a modulation technique such as IMPS
[14,23,40], the response from the experiment is in the fre-
quency domain and no inverse transformation is needed.
The frequency dependent signal is obtained by replacing
the Laplace variable s by ix. Hence, the transfer func-







kps þ ixð1þ zSpÞ






where x is the angular frequency of the sinusoidal illumi-
nation. The parameter U0 corresponds to the dc photon
ﬂux, while DU is related to the amplitude of the modula-
tion. The IMPS technique allows resolution of the contri-
butions from the various time constants associated with
the back charge transfer processes-product separation
competition, coupled ion transfer and RC attenuation
of the cell [14,23]. It should also be mentioned that, in
the case where p and the diﬀusion parameter ket tend to
zero, Eq. (22) simpliﬁes to the phenomenological expres-
sion described in previous work [14,23]. This limiting
case arises when the diﬀusion ﬂux of the quencher to
the surface is larger than the ﬂux of electron injection g.
The time dependent photocurrent is obtained from
the inverse Laplace transform of Eq. (21), which does
not yield an analytical expression. A numeric method
must be applied to obtain theoretical photocurrent tran-
sients for the general case. On the other hand, an analyt-
ical solution is available under low photon ﬂuxes, where
the eﬀect of diﬀusion is minimised (i.e. ket  0). Neglect-
ing the RC component, Eq. (21) simpliﬁes to
Djph ¼ Fg
kps þ sð1þ zSpÞ
ðsþ kps þ kbÞs : ð23Þ
Considering as a ﬁrst approximation that the parameter




kps þ kb þ
kb




The two limiting cases of Eq. (24) are easily obtained. At
very short illumination times, the photocurrent isdescribed by the ﬂux of electron injection multiplied

















Fig. 5 demonstrates the predicted eﬀect of the rate kb on
the photocurrent response. The steady state current is
determined by the competition between the product sep-
aration and back electron transfer reactions, while the
initial current corresponds to the product Fg in Eq.
(24) and depends on the rates of decay of the excited
state and forward electron transfer. Eq. (25) is consistent
with the phenomenological expression employed for
estimating kIIet from photocurrent responses in previous
work [12,26,27].
The forward electron transfer reaction in Fig. 2 in-
volves the creation of adsorbed charged species at the
interface. In order to maintain electroneutrality, an ion
of opposite charge should enter the diﬀuse layer, as illus-
trated in Fig. 3. However, the relation between changes
in the adsorbed charge and the free charge in the diﬀuse
layer is not straightforward, as the formation of ion
pairs modiﬁes the potential distribution at the interface.
The problem can be simpliﬁed by assuming a linear rela-
tionship between the free and adsorbed charges (qwfree












Fig. 7. Eﬀect of the diﬀusion coeﬃcient on the simulated photocurrent
responses (model A) in the absence of RC attenuation and back charge
transfer (a). Calculated from Eq. (21) with the parameters
g = 1010 mol s1 cm2, coQ ¼ 103 mol dm3, kps = 20 s1 and DoQ as
indicated in the graph. Simulated photocurrent responses (model A)
for various values of the RC constant (b). Calculated from Eq. (21)
with the parameters in (a), as well as kb = 4 s
1, DoQ ¼ 105 cm2 s1 and
RC as indicated in the graph.
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charge at the interface is immediately balanced. In this
case oqwfree=oq
w
ads ¼ 1, and p = 0. This situation appears
to be supported by the experimental data, and will be
considered in all simulations unless speciﬁed otherwise.
The other limiting case arises when the free excess
charge is not aﬀected by the change in adsorbed charge,
hence oqwfree=oq
w
ads ¼ 0 and p = 1. Fig. 6 shows the eﬀect
of p on the photocurrent transients calculated from
Eq. (24). The eﬀect of this parameter can be diﬃcult
to separate from that of the back electron transfer reac-
tion in the case of p values comprised between 0 and 0.6.
The response corresponding to p > 0.6 was not observed
experimentally.
Although Eq. (21) cannot be transformed analytically
into the time domain, the method developed by Stehfest
[41,42] can be used for numerical simulation of the pho-
tocurrent transients. The algorithm described in Appen-
dix D has been tested on the simpliﬁed equation (24),
and very good correlation was observed between the
numerical and analytical inversions. Fig. 7(a) illustrates
the eﬀect of the diﬀusion coeﬃcient of the quencher on
the photocurrent transient response. From cyclic vol-
tammetry on a Pt microelectrode, the diﬀusion coeﬃ-
cient of ferrocene in DCE can be estimated as
1.4 · 105 cm2 s1. The important information provided
by these simulations is that the initial photocurrent is
not aﬀected by the depletion of quencher at the inter-
face. This result consolidates the analysis of the depen-
dence of kIIet on the driving force associated with the
electron transfer process based on the initial photocur-
rent values presented in [26]. On the other hand, the
charging of the double layers introduces a delay in the
photocurrent rise, as illustrated by Fig. 7(b). The initial
photocurrent is attenuated depending on the value of
the RC constant of the cell. These results conﬁrm thatFig. 6. Simulated photocurrent transients for various values of p,
calculated from Eq. (24) with g = 1010 mol s1 cm2, kps = 1 s
1,
kb = 3 s
1 and p as indicated in the graph.in the presence of a strong relaxation due to back elec-
tron transfer, the eﬀect of the RC time constant must
be deconvoluted from the photocurrent transient in or-
der to obtain accurate estimations of the ﬂux of electron
injection.
3.1.3. Model B – second order back electron transfer
In the previous model, back charge transfer reactions
were supposed to occur only from the interfacial com-
plex formed upon electron transfer (kb). However, a
charge recombination reaction from the free photoprod-
ucts could be envisaged, as commonly observed in
homogeneous photochemical processes. In the following
scheme we consider the forward electron transfer step as
leading directly to the photoproducts. Simulation of the
eﬀect of the bimolecular back charge transfer on the
photocurrent transients at various light intensities
should allow discrimination between ﬁrst (kb) and sec-
ond order recombination ðkIIb Þ. The steps (5)–(7) in the
reaction scheme for model A are replaced by the follow-
ing processes:
Fig. 8. Simulated photocurrent transients and corresponding dimen-
sionless concentration change for second order back charge transfer
(model B), calculated from Eq. (32) employing the parameters
g = 1010 mol s1 cm2, coQ¼ 103 mol dm3; DoQþ ¼DwS ¼ 105cm2 s1
and kIIb ¼ 0 (a), kIIb ¼ 0:05 dm3 mol1 s1 (b), kIIb ¼ 0:5 dm3 mol1 s1
(c), kIIb ¼ 5 dm3 mol1 s1 (d).
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Sads þQo!
kIIet
Qþo þ Sads ð27Þ





Eqs. (27) and (28) describe a fundamentally diﬀerent
problem from that of model A, revealing important
implications on how the photoinduced mechanism is
conceived. In the case of model A, back electron transfer
proceeds as a ﬁrst order reaction from the interfacial
ion-pair. In the present model, the photoproducts gener-
ated at the liquid|liquid boundary are allowed to react
with free species within the interfacial region. Conse-
quently, the back electron transfer follows a second or-
der rate law, as expressed by Eq. (30). The assumption
made in model A that the surface concentration of S is
constant remains, and the steady-state surface concen-
tration of S* is still expressed by Eq. (15). The evolution
of the surface concentration of S is given by
dCS
dt
¼ vet  vb2; ð29Þ
where vet is expressed by Eq. (11) and
vb2 ¼ kIIbCScoQþð0; tÞ: ð30Þ
Expression (29) implicitly assumes that the dynamics of
regeneration of Sads do not aﬀect the dynamics of second
order back electron transfer. Obviously, this limiting
condition is essential in order to elucidate whether step
(28) plays any role in the photocurrent responses. The
expressions for the ﬂuxes of the supporting electrolytes
remain as in the case of model A. The photocurrent
can be expressed as




Owing to the two time-dependent parameters in Eq. (30)
the transport problem is non-linear and cannot be
solved using the same procedure as in model A. Never-
theless, the Laplace transform can be used to obtain the
relationship between the concentrations changes and the
faradaic photocurrent density (see Appendix B).
Neglecting the eﬀects of double layer charging, the pho-
tocurrent density can be written as
jphðtÞ ¼ Fgð1þ DxÞ  BDx2; ð32Þ









Eq. (32) introduces the dimensionless concentration
change Dx(t), which is related to jph through the convo-














In order to simulate the faradaic photocurrent it is nec-
essary to solve Eq. (32) numerically. Fig. 8 shows the ef-
fect of the bimolecular rate of back electron transfer on
the simulated photocurrent, as well as the corresponding
relative changes in concentration.
Fig. 9 illustrates the eﬀect of the light intensity on the
normalised photocurrent responses obtained with model
B. The shape of the responses exhibits drastic changes
when the illumination intensity is varied over two dec-
ades. This phenomenon was not observed experimen-
tally. Indeed, the rate of back electron transfer shows
very little dependence on the light intensity, suggesting
that the photocurrent relaxation arises mainly from ﬁrst
order recombination (see Section 3.2).
3.1.4. Model C – coupled transfer of ionic photoproducts
The photoinduced electron transfer reaction gener-
ates new species at the interface. Owing to their diﬀerent
charge, these photoproducts feature solvation properties
Fig. 9. Simulated normalised photocurrent transients for second order
back charge transfer (model B) at various photon ﬂuxes. Calculated
from Eq. (32) with the parameters g = 1010 mol s1 cm2, coQ ¼
103 mol dm3; Do
Qþ ¼ DwS ¼ 105 cm2 s1 and kIIb ¼ 5 dm3 mol1 s1.
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charged product in the organic phase is expected to be
more hydrophilic than the corresponding neutral
quencher. For instance, the formal ion transfer potential
of ferricenium (Fc+) is about 0.005 V, which falls within
the potential window used in photocurrent experiments
[26]. In the following model we will investigate the eﬀect
of coupled ion transfer on the photocurrent responses.
The reaction scheme considered is that of model A with
the addition of Eq. (35). The kinetics of the ion transfer
reaction are based on the assumption of an activated ion
transfer event [43]. The rate constants ko and kw relate to
the transfer of Q+ from the organic phase to water and
from water to the organic phase, respectively.
Coupled ion transfer:
Qþo þ Sw ¢
ko
kw
Qþw þ Sw : ð35Þ
The rate of ion transfer across the interface can be
deﬁned as
vion ¼ kocoQþð0; tÞ  kwcwQþð0; tÞ: ð36Þ
The photocurrent in the case of model C is given by




The expression for the Laplace transform of the photo-
current according to model C is derived in Appendix C,Fig. 10. Simulated photocurrent transients with coupled ion transfer
(model C). Calculated from Eq. (38) employing the following
parameters: g = 1010 mol s1 cm2, kps = 20 s
1, kb = 4 s
1, coQ ¼
103 mol dm3; DoQ ¼ DoQþ ¼ DwQþ ¼ 105 cm2 s1 and (a) kw = 0 and
ko as indicated in the graph; (b) ko and kw calculated from Eqs. (41)
and (42) with Dwo/
0
Qþ ¼ 0:005 V, k = 103 cm s1 and a = 0.5.Djph ¼
Fg
s









ðsþ kps þ kbÞ þ ketðsþ kpsÞs12
; ð38Þ
where g and ket are given by Eqs. (18) and (19), and
kwion; k
o















Again, there is no analytical expression for Eq. (38) in the
time domain and the Stehfest algorithm has to be used to
obtain inverse transformation numerically. Fig. 10(a)
shows the eﬀect of the rate constant of ion transfer of
the photoproduct Q+ on the photocurrent response.
Only the forward ion transfer (from the organic medium
to water) was considered in this case. The coupled ion
transfer reaction introduces a non-exponential decay of
the photocurrent on a time scale determined by the rate
constants ko and kps Despite the rather slow ion transfer
rate constants used in these simulations, the coupled ion
transfer has a substantial eﬀect on the photocurrent
Fig. 12. Photocurrent responses in the presence of Me10Fc
103 mol dm3 in the DCE phase and ZnTMPyP 5 · 105 mol dm3
and ZnTPPS 5 · 105 mol dm3 in the aqueous phase. Dwo/ ¼ 0:007 V.
Dotted lines are simulations employing Eq. (21) with the parameters g/
U = 6.3 · 1027 mol, kps = 22 s1, kb = 4 s1, DoQ ¼ 105–2
105 cm2 s1, RC = 0.015 s1 and photon ﬂuxes at 442 nm as indicated
in (a). The black line is a simulation employing Eq. (24) with the
parameters corresponding to the highest photon ﬂux. The photocur-
rents are normalised in (b) to illustrate the increase of diﬀusion eﬀects
at high photon ﬂuxes. The largest light intensities correspond to the
faster photocurrent decays.
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rate constant k of the ion transfer process by
kw ¼ k exp









ko ¼ k exp 









The decay introduced by the coupled partitioning of Q+
is attenuated when the ion transfer from water to the or-
ganic phase is considered. Fig. 10(b) illustrates the eﬀect
of the Galvani potential diﬀerence on the photocurrent





0:005 V as in the case of ferrocene.
The photocurrent relaxation associated with the cou-
pled ion transfer is aﬀected by the photon ﬂux, as shown
in Fig. 11. In principle, the analysis of the light intensity
dependence of the photocurrent decay can be taken as a
diagnostic criterion for the elucidation of the photoin-
duced process.However, a large range of illumination lev-
els is required, depending on the kinetics of the ion
transfer reaction. The dynamics of coupled ion transfer
have no eﬀect on the initial value of the photocurrent, pre-
viously taken as proportional to the ﬂux of electron injec-
tion [26,27], and only the subsequent relaxation of the
photoresponse is aﬀected. A similar conclusion has been
reached based on the low electron injection limit [27].
3.2. Comparison with experimental photocurrent
transients
Fig. 12(a) displays experimental photocurrent tran-
sients in the presence of the ZnTPPS–ZnTMPyP hetero-Fig. 11. Simulated normalised photocurrent transients in the presence
of coupled ion transfer for various photon ﬂuxes (model C). Calculated
from Eq. (38) employing the parameters g/U = 1.3 · 1026 mol,
kps = 20 s
1, kb = 4 s
1, coQ ¼ 103 mol dm3; DoQ ¼ DoQþ ¼ DwQþ ¼
105 cm2 s1 and photon ﬂuxes as indicated in the graph.dimer and decamethylferrocene (Me10Fc) as a donor in
the organic phase, using diﬀerent light intensities. The
cell composition is described in Fig. 4. Simulations
employing Eq. (21) are shown as dotted lines. The model
developed in Section 3.1.2 appears to describe the pho-
tocurrent responses in the presence of Me10Fc ade-
quately. The same photocurrents are normalised in
Fig. 12(b) to illustrate the eﬀect of the diﬀusion of the
quencher. The faster decays are observed at high photon
ﬂuxes. These results should be compared to the simpli-
ﬁed model described by Eq. (24). The black line in
Fig. 12(a) is a simulation employing the same kinetic
parameters, but neglecting the eﬀects of diﬀusion and
RC attenuation. In this case, the photocurrent response
shows a clear deviation from Eq. (24) on the time scale
displayed in the graph. Although the initial part of the
photocurrent remains practically unchanged when diﬀu-
sion eﬀects are taken into account, the RC attenuation
decreases the initial photocurrent slightly, leading to
underestimations of the bimolecular rate constant of
electron transfer in [26]. The rather slow back charge
Z. Samec et al. / Journal of Electroanalytical Chemistry 577 (2005) 323–337 333transfer observed in the presence of ferrocene derivatives
means that minimal errors (of the order of a few per-
cent) are introduced, and the conclusions presented in
[26] on the kinetics of electron transfer remain
unchanged.
It should be noted that the diﬀusion coeﬃcient of the
quencher obtained from the data in Fig. 12 appears to
increase from 105 to 2 · 105 cm2 s1 as the photon
ﬂux is increased. This systematic variation may come
as a result of the photo-stationary condition for CS as
deﬁned by Eq. (16). Rigorously, diﬀusion phenomena









Since DcoQ is negative, the depletion of quencher at the
interface leads to an increase in the surface excess of ex-Fig. 13. Photocurrent responses in the presence of Me10Fc at various
potentials (a) and concentrations (b) as indicated in the graph. Dotted
lines are simulations employing Eq. (21) with the parameters
kps = 22 s
1, kb = 4 s
1, DoQ ¼ 1:2 105 cm2 s1, RC = 0.015 s1 and
g = 1.6 · 1010 mol s1 cm2 ðDwo/ ¼ 0:07 V; coQ ¼ 103 mol dm3Þ,
g = 0.7 · 1010 mol s1 cm2 ðDwo/ ¼ 0:03 V; coQ ¼ 103 mol dm3Þ
or g = 2.1 · 1010 mol s1 cm2 ðDwo/ ¼ 0:07 V; coQ ¼ 2:9 103
mol dm3Þ. The photon ﬂux at 442 nm was 2.5 · 1016 cm2 s1.cited-state porphyrins, thereby limiting the eﬀect of dif-
fusion on the transient response. However, Eq. (43)
introduces mathematical complications that are beyond
the scope of the present analysis.
As reported elsewhere, the changes observed in the
photocurrent response upon tuning the potential diﬀer-
ence between the two phases can be related to changes
in the rate of electron transfer [26,27]. Fig. 13(a) shows
the transient response obtained in the presence of
decamethylferrocene (Me10Fc) at 0.03 and 0.07 V.
Simulations from Eq. (21) are superimposed on the
experimental data. The changes in g reﬂect the depen-
dence of the pseudo-ﬁrst order rate constant of electron
transfer ðket ¼ kIIetcoQÞ on the Galvani potential diﬀerence
and concentration of quencher. The bulk concentration
of quencher also aﬀects the shape of the photocurrent
transient response when diﬀusion phenomena are in-
volved. Photocurrents in the presence of 103 and
3 · 103 mol dm3 Me10Fc at Dwo/ ¼ 0:07 V are dis-
played in Fig. 13(b). The simulations were obtained with
parameters similar to those in Fig. 12.
With Me10Fc the back electron transfer reaction is
slow in comparison to the product separation, and the
photocurrent response appears practically in phase with
the light perturbation. Fig. 14 shows the photocurrent
responses associated with the oxidation of ferrocene
(Fc). In this case, the eﬀect of the back electron transfer
is much more pronounced, and the rate kb increases
strongly when the potential diﬀerence between the two
phases is changed to more negative values. Comparison
of the simulations in Fig. 10(b) with the experimental
data in Fig. 14 suggests that the transfer of Fc+ doesFig. 14. Normalised photocurrent responses in the presence of Me10Fc
or Fc 103 mol dm3 in the DCE phase and ZnTMPyP
5 · 105 mol dm3 and ZnTPPS 5 · 105 mol dm3 in the aqueous
phase. Dotted lines are simulations employing Eq. (21) with the
parameters DoQ ¼ 1:2–1:4 105 cm2 s1 and (a) g = 1.6 · 1010
mol s1 cm2, kps = 22 s
1, kb = 4 s
1, RC = 0.015 s1 ; (b) g =
0.11 · 1010 mol s1 cm2, kps = 1.6 s1, kb = 4 s1, RC = 0.012 s1 ;
(c) g = 0.09 · 1010 mol s1 cm2, kps = 1.0 s1, kb = 25 s1,
RC = 0.030 s1.
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potentials far from Dwo/
0
Fcþ . This eﬀect is expected to
be more pronounced at potentials closer to the formal
ion transfer potential. However, the small magnitude
of the photocurrent responses prevents a consistent
analysis of these phenomena. Furthermore, the decays
associated with back electron transfer and ion transfer
reactions are diﬃcult to decouple on the basis of tran-
sient measurements. A more sensitive technique such
as IMPS should be used to investigate these responses.
We also expect to employ this method to study the pho-
toinduced reduction of quinone species. In this case the
back charge transfer is not related to the ion transfer of
the products, but to the heterogeneous protonation of
the quinone radical anion. Assuming that the surface
concentration of protons remains constant, this system
is similar to that described by model C with a rate con-
stant kw equal to zero.4. Conclusions
The photoinduced heterogeneous electron transfer
reaction described by Fig. 2 has been rationalised in
terms of a detailed model including the diﬀusion of
species toward the interface. At low photon ﬂuxes
the eﬀect of diﬀusion is negligible, and the expression
for the current density across the interface simpliﬁes
to that of the phenomenological model presented in
earlier publications [14,21,26,27]. At higher light inten-
sities, the decay of the photocurrent can be eﬀectively
attributed to the depletion of the organic reactant at
the interface (see Fig. 12). The solution of the diﬀu-
sion problem allows rationalisation of the photocur-
rent dependence on the illumination over a wide
range of light intensities. This theoretical framework
also oﬀers diagnostic criteria for elucidating the con-
tribution of processes such as back charge transfer,
diﬀusion eﬀects and RC attenuation to the photocur-
rent relaxation.
The simulations provided by model A adequately de-
scribe the photocurrent responses originating from the
heterogeneous quenching of the ZnTPPS–ZnTMPyP
heterodimer by ferrocene species. The consistency of
the experimental curves with the present model conﬁrms
that the surface concentration of porphyrins remains
constant over a wide range of experimental conditions.
This assumption appears to be valid not only for low
photon ﬂuxes and short illumination periods, but also
after constant illumination for hours. These results sug-
gest that the porphyrins are regenerated at the interface
after the heterogeneous photo-electrochemical step. The
regeneration step does not contribute directly to the
photocurrent response as no heterogeneous charge
transfer is involved. The nature of this process is cur-
rently under investigation.Second order back electron transfer (model B) and
coupled ion transfer of the photoproducts (model C)
were also considered. Second order back electron trans-
fer manifests itself by a strong dependence of the photo-
current decay on the illumination intensity, which was
not observed experimentally. On the other hand, coupled
ion transfer reactions cannot be excluded. The partition-
ing of charged photoproducts introduces an additional
decay component in the photocurrent response, depend-
ing on the rate constants associated with the ion transfer
and product separation processes. The eﬀects of back
electron transfer and ion transfer are diﬃcult to separate
on the basis of photocurrent transients, and more sensi-
tive techniques such as IMPS should be considered.
Finally, it should be mentioned that this model could
be employed in a variety of dye sensitised polarisable
interfaces. For instance, this model can be extended to
solid electrodes modiﬁed by dye sensitised liquid ﬁlms
[44] or ultrathin polyelectrolyte multilayers [29].Acknowledgements
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developments for model A
The liquid|liquid interface is deﬁned as a sharp
boundary located at x = 0. At this position the ﬂuxes
























































; L ¼ ðTþ;YÞ: ðA:6Þ
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neglected. One should note that in practice, Li2SO4
was used as a supporting electrolyte in the aqueous
phase in most cases, instead of a monovalent salt of
the form RX. However, this has little inﬂuence on the
following development, and has been omitted for the
sake of simplicity. In order to ensure that the boundary
conditions in Eqs. (A.1)–(A.6) were consistently estab-
lished, we must verify that the summation of the ﬂuxes
on the aqueous side of the interface yields expression
(13). The surface charge density in the aqueous phase
is obtained from the electroneutrality condition (Eq.













Substituting the ﬂuxes JwS and J
w
S with the expressions
(A.3) and (A.4), and using the electroneutrality condi-
tion (2) yields












Eq. (A.8) simpliﬁes to expression (13) for the total cur-
rent response of the cell upon illumination when the
time derivatives of the surface concentrations are substi-
tuted with the corresponding kinetic equations
((8)–(10)). The Laplace transform of Eq. (13) reads
Djph ¼ F ðDvet  DvbÞ þ sDqw ðA:9Þ
and that of the equation of the ﬂux of Q on the aqueous




DcoQ ¼ ðDvet  DvbÞ: ðA:10Þ
The Laplace transforms of the expressions for the rates
of electron transfer read
Dvet ¼ kIIetcoQDCS þ kIIetC0SDcoQ; ðA:11Þ
Dvb ¼ kbDCSQ: ðA:12Þ
And the Laplace transform of Eq. (10) is
DCSQ ¼ Dvetsþ kps þ kb : ðA:13Þ
Combining Eqs. (A.9)–(A.13), one obtains Eq. (17)
describing the photocurrent in the Laplace plane.Appendix B. Boundary conditions and mathematical
developments for model B
The boundary conditions in the case of model B are
slightly diﬀerent from model A. In addition to Eq.(A.3) for the adsorbed dye in the ground state, the ﬂuxes

























¼ ðvet  vb2Þ: ðB:3Þ
The photocurrent in the case of model B (Eq. (31)) can
be expressed from Eqs. (B.1)–(B.3), neglecting the eﬀect
of double layer charging:
Djph ¼ F ðsDoQÞ
1








The inverse Laplace transform of Eq. (B.4) yields






The concentration of oxidised quencher in the vicinity of
the interface is simply expressed by
coQþð0; tÞ ¼ coQ  coQð0; tÞ ¼ DcoQ: ðB:6Þ
From these equations the photocurrent can be related to
the variations in concentration by the convolution inte-
gral in Eq. (34).Appendix C. Boundary conditions and mathematical
developments for model C
The ﬂuxes corresponding to the reaction scheme in






















The Laplace transform of the photocurrent in the
case of model C (Eq. (37)) reads:
Djph ¼ F ðDvet  Dvb  DvionÞ þ sDqw: ðC:3Þ
As in the case of model A, the following expression is
obtained when the eﬀects of double layer charging are
neglected:
Dvet ¼ gs
sþ kps þ kb
ðsþ kps þ kbÞ þ ketðsþ kpsÞs12
; ðC:4Þ
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Qþ ¼ Dvion: ðC:6Þ


































2 þ kwion þ koion
; ðC:9Þ
where koion ¼ ko=ðDoQþÞ
1
2 and kwion ¼ kw=ðDwQþÞ
1
2 (Eqs. (39)
and (40)). Substitution of the terms Dvet; Dvb
and Dvion in Eq. (C.3) yields Eq. (38) for the photocur-
rent in the Laplace plane, neglecting the charging of
the double layer.Appendix D. Stehfest method for numerical inversion of
Laplace transforms
The method developed by Stehfest [41] can be used
for numerical simulation of the photocurrent transients.
If F(s) is the function in the Laplace plane, the original
function f(t) can be approximated by










where the quantity lnð2Þt i substitutes for the Laplace var-
iable s. The coeﬃcients Vi are given by
V i ¼ ð1Þ
N
2








 k !k!ðk  1Þ!ð2k  1Þ! ; ðD:2Þ
where N is an even number and k is computed using
integer arithmetic. The value of N was chosen as 10 in
all simulations. In principle, large values of N increase
the accuracy of the numerically inverted solution. In
practice, however, N is limited by truncation errors,
and a large number of iterations leads to instabilities
in the solution [42]. The Stehfest algorithm was testedon the simpliﬁed equation (24), and very good correla-
tion was observed between the numerical and analytical
inversions.References
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